Collective cell migration plays important roles in many physiological processes such as embryonic development, tissue repair, and angiogenesis. A "wound" occurs when epithelial cells are lost and/or damaged due to some external factors, and collective cell migration takes place in the following wound-healing process. To study this cellular behavior, various kinds of wound-healing assays are developed. In these assays, a "wound," or a "cell-free region," is created in a cell monolayer mechanically, chemically, optically, or electrically. These assays are useful tools in studying the effects of certain physical or chemical stimuli on the wound-healing process. Most of these methods have disadvantages such as creating wounds of different sizes or shapes, yielding batch-to-batch variation, and damaging the coating of the cell culture surface. In this study, we used ultraviolet (UV) lights to selectively kill cells and create a wound out of a cell monolayer. A comparison between the current assay and the traditional scratch assay was made, indicating that these two methods resulted in similar woundhealing rates. The advantages of this UV-created wound-healing assay include fast and easy procedure, high throughput, and no direct contact to cells.
Introduction
Collective cell migration is an important cellular event involved in many different physiological processes such as embryonic development, tissue repair, angiogenesis, and wound healing. [1] [2] [3] Recently, it was suggested that this collective behavior plays a crucial role in the invasion and spread of malignant cells. [4] [5] [6] When cells migrate collectively, they often form the so-called self-assembled monolayers where cells are attached to each other in mechanical and biochemical ways. This complicated phenomenon occurs in cell proliferation, cell-cell communication, and cell-microenvironment interaction. To follow the dynamic process of collective cell migration, researchers have developed a number of different in vitro techniques, including wound-healing assays. [7] [8] [9] [10] [11] These assays are commonly and widely used because they are economical and easy to use, and the shape of cells as well as the woundhealing rate can be easily observed.
In a wound-healing experiment, it is essential to create a cell-free region in a cell monolayer. Introducing this cellfree region could cause various cellular responses such as cell growth and cell migration. 12, 13 These behaviors can be directly observed using time-lapse microscopes, and subsequently the wound-healing rate can be analyzed. Two types of wound-healing assays have been widely and commonly used: the scratch wound-healing assay and the barrier wound-healing assay.
The procedure of a scratch wound-healing assay includes seeding cells to grow into a confluent monolayer, using a tip to scratch a certain area, and allowing cells to repopulate the gap. [14] [15] [16] Essen BioScience (Ann Arbor, MI) has commercialized the scratch assay, called the CellPlayer Migration Assay. There are many advantages regarding this method, such as (1) it can be applied in any substrate, (2) cells move in a certain direction (to close the wound), and (3) the morphology and migration of cells can be observed and recorded to calculate the displacement and rate. 17 However, using tips to mechanically create wounds makes the size and shape of the cell-free region difficult to control from experiment to experiment. Also, scratching could damage the coating of the cell culture surface and cause incorrect results. Instead, the barrier wound-healing assay is more applicable in cell migration studies because it maintains surface integrity using a stopper (barrier) to keep cells away from the wound area. 18, 19 It has been reported that this method results in similar wound-healing responses compared to scratch wound-healing assays. [20] [21] [22] The procedure of a barrier wound-healing assay includes putting the stopper onto the substrate, seeding cells to grow into a confluent monolayer, removing the stopper, and allowing cells to repopulate the gap. Commercial barriertype assays also have been developed, including cell migration stoppers from Platypus Technologies (Madison, WI) and cell culture inserts from Ibidi (Martinsried, Germany). Basically, cell stoppers are placed inside each well of a 96-well plate to create cell-free areas.
Given the drawbacks of the scratch assay, laser photoablation and electrical wound-healing assays have been developed as substitutes. 23, 24 Currently, laser is the only optical method to create wounds. It can indirectly cause photothermal, photochemical, and photomechanical effects, which lead to cell damage and death. The size of the wound can be well controlled for good experimental repeatability. Moreover, wounds of any shape can be produced, and observation of cell migration can be automated via optical fibers and microscopes. Zordan et al. 23 developed a highthroughput wound-healing assay using the laser-enabled analysis and processing (LEAP) instrument to create reproducible wounds in each well of a 96-well plate. This system then records bright-field images of each well at a given time interval. In the electrical wound-healing assay, cells growing on electrodes are subjected to currents, resulting in severe electroporation and subsequent cell death. The wound-healing process is monitored using the electric cellsubstrate impedance sensing (ECIS) technology. 24 Applied BioPhysics (Troy, NY) has commercialized the electrical assay called the ECIS Electroporation and Wounding Module.
Cell migration is possibly due to the influence of the cell-free region, where the surface tension sensed by cells changes. Murrell et al. 25 reported using microfluidic chips to create a wound-healing assay. In this assay, trypsin, a proteolytic enzyme, was used to rupture cells and create a wound in about 5 min. It was found that cells with a density of 2000 to 3000 cells/mm 2 failed to restore back to a monolayer, but the wound-healing rate was fast. On the other hand, cells with a higher density of greater than 3000 cells/ mm 2 could recover into a complete monolayer but with a slow healing rate.
In this study, we report a wound-healing assay based on ultraviolet (UV) light ablation. Depending on the wavelength, UV lights can be divided into UVA (315-400 nm), UVB (280-315 nm), and UVC (100-280 nm). Both UVB and UVC were shown to induce apoptosis of fibroblasts and skin keratinocytes. [26] [27] [28] [29] Matta et al. 30 studied the threshold doses and environmental UVA and UVB exposure times necessary to produce apoptosis and necrosis in human fibroblasts. A threshold dose between 24 and 28 kJ/m 2 was found to induce apoptosis and necrosis, and this value corresponded to 19 and 23 min of environmental UVA and UVB exposure, respectively, at solar noon in Puerto Rico. Here in this report, using a customized mask, we were able to create a cell-free region out of a cell monolayer by well controlling the UV exposure dose. This UV wound-healing assay resulted in similar wound closure responses compared to the scratch assay, and it provides many advantages such as fast, easy procedure and high throughput. Moreover, both the scratch assay and the barrier assay require direct contact to immobilized cells, 5, 31 meaning that these two assays are limited to "open" systems. In the current UV assay, cells can be cultured within a "closed" system made of transparent materials such as glass or plastic, making this assay compatible with microfluidic devices for further cellular studies. [32] [33] [34] 
Materials and Methods

UV Wound-Healing Assay
The bottom of a 35-mm petri dish (Mattek Corp., Ashland, MA) was covered by a mask with a desired pattern. NIH3T3 cells, purchased from Bioresource Collection and Research Center (BCRC, Hsinchu, Taiwan), were trypsinized and resuspended in Dulbecco's modified Eagle's medium (DMEM; Gibco, Waltham, MA) containing 10% calf serum (CS; Invitrogen, Carlsbad, CA). Then, 5 × 10 5 cells were passed to a 35-mm dish and exposed to the UV light source (UVP, Upland, CA). The intensity was measured using a power meter specified for UV lights (Teledyne, Thousand Oaks, CA). After UV exposure, the dish was transferred to an incubator under 37 °C and 5% CO 2 overnight. Then the medium was changed, and the shape and size of the wound were observed using an inverted microscope (ESPA, Hsinchu, Taiwan) under different conditions such as wavelength, intensity, and exposure period. Chemicals β-lapachone and honokiol were purchased from Sigma (St. Louis, MO). Detailed steps are indicated in Figure 1A (left).
Scratch Wound-Healing Assay
A total of 5 × 10 5 NIH3T3 cells were cultured with DMEM + 10% CS in a 35-mm petri dish placed inside an incubator under 37 °C and 5% CO 2 overnight. Then a pipette tip was used to scratch the cells and create the wound. Detailed steps are indicated in Figure 1A 
Viability Assay
The cleavage of yellow tetrazolium salt MTT (3-[4,5-cimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) (Sigma, St.
Louis, MO) to purple formazan crystal by live cells can be used for quantification of cell proliferation and viability. In the viability assay, cells were passed to a 24-well microplate and exposed to the UV light for different exposure periods. Then, 40 µL MTT solution (5 mg/mL in phosphate-buffered saline [PBS]) was added to each well, and the incubation took 2 h at 37°C. Then 400 µL of solubilization solution, DMSO, was added to the wells for a 15-min incubation. Finally, the absorbance was measured by the enzyme-linked immunosorbent assay plate reader (Tecan, Männedorf, Switzerland) at 590 nm.
Calculation of Wound-Healing Rate
We observed cell migration (i.e., wound healing) inside each culture area (a petri dish or wells of a microplate) using a bright-field inverted microscope (ESPA, Hsinchu, Taiwan). Time-lapse images were taken at an interval as specified in the context. Images were further analyzed using ImageJ, which is a free Java-based software developed by the National Institutes of Health (NIH, Bethesda, MD). This software was used to draw the wounding boundaries by determining the threshold between high-cell density and low-cell density areas. These boundaries could be easily drawn before 24 h. However, it became difficult to locate these lines after 24 h because cells grew to cover almost all the initially cell-free areas. Therefore, the wound-healing rates, indicating the progressing of the wounding boundaries, were calculated based on wound closure within the first 24 h. For each experimental condition, three independent runs were performed to get the standard error of the mean (SEM). 
Results and Discussion
Use UVB for Creating Wounds
The wavelength of UVB ranges from 280 to 315 nm, and that of UVC ranges from 100 to 280 nm. As shown in Table  1 , compared to UVB, UVC has a relatively stronger output intensity but a much lower transmission rate to petri dishes and microplates. The output power of the UVB light source is about 4.7 mW/cm 2 . After being blocked by dishes or wells of a microplate, the transmitted intensity decreased to 1 to 2 mW/cm 2 , corresponding to transmission rates of about 26% to 45%. For the UVC light source, while the output power is 5.35 mW/cm 2 , almost 99% of the power was blocked by dishes or wells.
NIH3T3 fibroblasts were cultured inside wells of a 24-well microplate and were exposed to UVB or UVC light sources. As shown in Figure 1B (top) , almost all cells were killed after a 20-min exposure of UVB. The total energy required to kill these cells was calculated to be around 1.44 J/cm 2 . On the other hand, UVC did not cause any detrimental effects to cells even after a 25-min irradiation, as indicated in Figure 1B (bottom) . The viability assay, shown in Figure 1C , indicated that almost all cells were killed after a UVB exposure of 20 min.
To find out the optimal exposure condition, we tried to kill cells in two ways. In the first manner, cells cultured overnight and attached to the dish surface were exposed to UVB. It turns out that once cells formed a monolayer, they appeared dark and adhered tightly to the dish after UVB exposure. It was then difficult to remove these dead cells by simply washing with PBS or trypsin of low concentration, probably due to the UV-induced crosslinking between cells and surface coatings of dishes. In the second manner, cells were exposed to UVB for 20 min at the suspension stage and were allowed to settle down afterward. Meanwhile, the culture dish was kept static for half an hour to let viable cells attach to the surface and avoid nonadherent cells floating to the wounded area. Then the dish was transferred to an incubator for an overnight incubation. Under such conditions, dead cells were removed easily and the wounded area was clear for observation. As a result, the second method was used in the following experiments.
Wounds Created by UVB Exposure
To create a wound, the bottom of a 35-mm petri dish was masked with tape of a 1-mm gap located at the center. Then, 5 × 10 5 NIH3T3 cells were seeded inside the dish, exposed to UVB for 20 min (total received energy ~1.92 J/cm 2 ), and kept static inside an incubator overnight (see Fig. 2A ). For comparison, a traditional scratch method was used to create wounds. NIH3T3 cells were trypsinized and passed to a 35-mm dish for culture overnight. A wound size of about 1 mm in width was created by scratching the cell monolayer with a 1-mL tip (see Fig. 2B ). The scratch method created a wound of a clear area and well-defined boundaries, while in the UV method, few cells remained at the center and the edges were somehow irregular, possibly due to some nonadherent cells floating to the UV-exposed area and settling down.
Still, the UV wound-healing assay has many advantages over the scratch assay, such as it is fast, easy, and capable of high-throughput screening. Using this method, wounds of different sizes and shapes can be created simply by changing the mask to desired patterns. To demonstrate this, we created a circular wound 2-mm in diameter and a 1-mm × 1-mm square wound by simply placing double-sided tapes (thickness = 0.07 mm; 3M, St. Paul, MN) of corresponding patterns on the bottom of petri dishes. The cell culture dishes were exposed to UVB for 20 min, and clear wounds were then created as shown in Figure 2C . Such doublesided tapes provide great flexibility in creating wounds of different sizes and shapes because they can be easily processed to required patterns with commercial cutting machines such as a CO 2 laser scriber. Wounds of different geometry shapes could also be attained in the barrier asssy 35 or the laser ablation. 23 The initial seeding density is critical in creating wounds. If not enough cells were seeded, the space among cells could make them proliferate but not migrate toward the wounding area (Fig. 2D, top) . On the other hand, if the seeding density is too high, cells could remain in the wounding area, possibly due to sedimentation of those floating cells (Fig. 2D, bottom) . In the current case, an optimal density of 5 × 10 5 cells was obtained for a 35-mm dish (Fig.  2D, middle) . 
Comparison of Wound-Healing Rates in Scratch and UV Methods
To compare the wound-healing rates in scratch and UV methods, wounds of 1 mm in width were created using these two methods. Different concentrations of honokiol were added to different wells for observing their effects on wound-healing rates. Honokiol, a compound isolated from species of Magnolia, was reported to inhibit cell migration in a dose-dependent manner. 36, 37 Time-lapse images were taken at an interval of 12 h for 36 h, as shown in Figure 3A (top: scratch method; bottom: UV method). As shown in Figure  3B , using either of these two methods, wound-healing rates decreased with increasing concentrations of honokiol, and the rates were comparable in these two methods. For example, in both methods, the wound-healing rates decreased from 16 µm/h without adding honokiol to 11 µm/h, 11 µm/h, and 6 µm/h after adding honokiol of 10 µM, 20 µM, and 40 µM, respectively. This UV method was also used to test the effect of β-lapachone, a derivative of naturally occurring lapachol, on the wound-healing process. It has been reported that a low concentration of β-lapachone accelerated the proliferation and migration of NIH3T3 fibroblasts via extracellular signal-regulated kinase (ERK) and p38 signaling pathways. 38 Using the UV method, the wound-healing rate increased as the result of adding β-lapachone, as clearly shown in Figure 3C .
In conclusion, in this article, we reported using UV lights to selectively kill cells and create a wound out of a cell monolayer. The potential limitations of this UV woundhealing assay are (1) one has to optimize the exposed UV dosage for every cell type to be studied, and (2) the boundary of the wound is not as sharp as those created using the scratch assay or the barrier assay. For all that, this method has advantages over traditional scratch and barrier woundhealing assays in its capability of creating wounds in various geometry shapes and being integrated with transparent microfluidic chips. The latter makes the system suitable for long-term cellular studies under different environmental stimuli. Most important, combined with multiwell microplates and patterned masks, this method provides a highthroughput platform for simultaneously screening tens to hundreds of wound healing-related drugs. 
